on behalf of the IDEFICS Consortium OBJECTIVE: We investigated the relationship between matrix metalloproteinase 3 (MMP3) polymorphisms and adiposity indices in European children of the IDEFICS (Identification and Prevention of Dietary-and Lifestyle-Induced Health Effects in Children and Infants) project. SUBJECTS: A total of 16 224 Caucasian children (2-9 years) were recruited into a population-based survey from eight European countries. In all, 4540 children were randomly selected for genetic studies (T0); 3238 children were re-examined 2 years later (T1). Anthropometric measures were collected by standardized protocols at T0 and T1. RESULTS: Six variants of MMP3 gene were genotyped. Homozygotes for the variant A allele of rs646910 and for the H3 haplotype had higher hip circumference (P ¼ 0.002 and 0.001; age, sex and country adjusted) at T0. The association remained significant after false discovery rate (FDR) correction. At T1, subjects carrying rs646910 A/A genotype or H3/H3 diplotype showed significantly higher values of body mass index, waist and hip circumference and sum of tricipital and subscapular skinfolds, all associations remaining significant after FDR correction (P ¼ 0.020-0.048). CONCLUSIONS: We showed for the first time an association between the MMP3 rs646910 variant and indices of adiposity in European children, highlighting the involvement of metalloproteinase genes in adipose tissue remodeling and growth.
INTRODUCTION
Obesity is the most common nutritional disorder in Western countries and its prevalence is progressively increasing. 1 As it is the result of a combination of inherited (heritability of 40-70%) and environmental factors, 2 genetic approaches can be used to investigate the mechanisms underlying the regulation of weight and the development of obesity.
Genome-wide association (GWA) studies identified many common variants for obesity in several genes. In a recent meta-analysis of GWA studies, 32 loci were associated with body mass index (BMI) at genome-wide significance in a population of European descent. 3 In order to evaluate which polymorphisms exert an effect on obesity during the first years of life, a subsequent study tested the associated variants in obese children, finding that nine of them also contributed to childhood obesity. 4 GWA studies, specifically focused on children, found additional loci associated with obesity. 5 All these loci, however, related to variants at high prevalence, were found examining mainly additive models, while many other loci with important impact could be missed, due to lower prevalence or to an effect exerted through a recessive mechanism. For more comprehensive information, gene variants associated with phenotypes in large linkage studies should also be taken into account. 6 The 11q22 region of the genome resulted linked to obesity indices in studies of Nigerian families, 7 Old Order Amish, 8 Pima-Indian siblings 9, 10 and in a Dutch cohort of type 2 diabetic patients. 11 A cluster of matrix metalloproteinase (MMP) genes (MMP7, MMP20, MMP27, MMP8, MMP10, MMP1, MMP3, MMP12 and MMP13) maps within a 500-kb region located in this region. The MMPs are a family of endopeptidase multidomain zinc-and calcium-dependent enzymes mainly produced by cells of connective tissue, secreted as zymogens in the extracellular matrix, and operating a specific proteolytic activity of most of its constituents. 12, 13 They have a key role in regulating extracellular matrix degradation and are involved in many processes of tissue remodeling associated with growth and development, as well as in various pathological processes. 12, 14, 15 Therefore, MMPs could be implicated in the regulation of adipogenesis, and, by altering the expression level of matrix proteins, might contribute to obesityassociated adipose tissue growth. 12 Among the MMPs genes included in the cluster on chromosome 11, MMP3 gene shows consistent evidence of being involved with adipose tissue growth and obesity development. Indeed, it is highly expressed in adipose tissue and atherosclerotic plaques, and it has been associated with obesity and atherosclerosis. 16, 17 Experimental studies demonstrated that mouse MMP3 is involved in adipose tissue formation and that changes in its expression could be related to obesity-mediated adipose tissue remodeling. 12 Moreover, a study conducted in Pima Indians 18 showed that MMP3 gene was expressed in preadipocytes/stromal vascular cells and its expression was associated with variations in body fat. Therefore, we investigated the association of MMP3 gene polymorphisms with BMI and other indices of adiposity, not yet investigated in Caucasian adults or in children, in the largest prospective European cohort of children established to date, participating in the Identification and Prevention of Dietary-and Lifestyle-Induced Health Effects in Children and Infants (IDEFICS) project.
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MATERIALS AND METHODS
Study population
IDEFICS is a large European multi-centre study on childhood obesity [19] [20] [21] designed as a cohort of 16 224 children aged 2-9 years recruited into a population-based survey between September 2007 and May 2008 (T0), in eight European countries (Belgium, Cyprus, Estonia, Germany, Hungary, Italy, Spain and Sweden), using standardized methods. A communityoriented intervention program for primary prevention of obesity was implemented. 22 Children were allocated to either control or intervention group and were followed up for 2 years (T1, 2009-2010).
DNA was extracted from a random subgroup of 4678 samples, stratified by countries, among participants with no missing information on parental questionnaire, height, weight, hip and waist circumferences, age, gender, birthplace and language spoken at home and with provided saliva samples. 23, 24 DNA was successfully extracted in all cases; however, 94 samples were excluded because of improbable high or negative DNA yields and further 44 samples were not correctly genotyped. A total of 4540 samples having at least 1 single nucleotide polymorphism (SNP) successfully genotyped in the MMP3 was used for the final analysis. Among these, 3288 children were re-examined 2 years later (T1; 72.4% of T0 sample).
Although no formal inquiry about ethnicity was made for privacy and ethical reasons, two questions filled in by parents or guardians (details on the questionnaires can be found in Ahrens et al.
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) provided information about ethnicity. Particularly, place of birth of both parents and language habitually spoken at home were used to select only children of European descent.
The study was conducted according to the standards of the Declaration of Helsinki. All applicable institutional and governmental regulations pertaining to the ethical use of human volunteers were followed during the research. Approval by the appropriate ethical committees was obtained by each of the eight centers engaged in the fieldwork. Both children and their parents gave their oral (children) and written (parents) informed consent for examinations, collection of samples, subsequent analysis and storage of personal data and collected samples.
Anthropometric measures
Anthropometric measures were collected by standardized protocols across centers and included BMI, waist and hip circumferences and the measurement of tricipital and subscapular skinfold thickness (sum of skinfolds were used as main variable). A detailed description of the anthropometric measurements in the IDEFICS study, including intra-and inter-observer reliability, has been recently published. 25 The measurement of weight was carried out using an electronic scale (Tanita BC 420 SMA, Tanita Europe GmbH, Sindelfingen, Germany) to the nearest 0.1 kg with children wearing indoor clothes, without shoes. The Tanita balance (adapted to the small foot size of children) also measured leg-to-leg impedance (ohm). Height was measured using a telescopic height-measuring instrument (Seca 225 stadiometer, Birmingham, UK) to the nearest 0.1 cm. The BMI was calculated as weight (in kg) divided by height squared (in m). For the definition of overweight/obesity, children were grouped into categories using the cut-points defined by Cole et al. 26, 27 Waist and hip circumference (cm) was measured once with an inelastic tape (Seca 200), precision 0.1 cm, range 0-150 cm, with the subject in a standing position. Skinfold thickness was measured by means of a Holtain caliper (Holtain, Holtain Ltd, Pembrokeshire, UK, range 0 ± 40 mm). Measures were taken twice on the right hand side of the body and the mean was calculated.
MMP3 tag SNPs
Tag-SNPs of MMP3 were selected from the release 2.0 Phase II data of the HapMap Project (http://hapmap.ncbi.nlm.nih.gov/) by using the Tagger Pairwise method of Haploview software (version 4.1; Broad Institute, Cambridge, MA, USA). 28 TagSNP selection was based on r 2 p0.8 and a minor allele frequency X0.05 in Caucasians. MMP3 spans 102,211,738-102,219,552 (NCBI.36) on chromosome 11q22.3. We selected a region that includes MMP3 gene and its regulatory region in a single gene block containing 18 SNPs. Of these, six were tagged: rs645419, rs522616, rs3025066, rs646910, rs650108 and rs595840 (Supplementary Figure S1) .
Saliva samples were collected (Oragene DNA Self-Collection Kit, OG-300/ OG-250; DNA Genotek Inc., Kanata, Ontario, Canada) from participating children in each country and shipped to the central laboratory at the University of Glasgow for DNA extraction. 23 Extracted DNA samples were sent to the laboratories in charge for genotyping.
Variants of MMP3 gene were genotyped at Fondazione 'Giovanni Paolo II' by a multiplexed end-point assay that detects variants of a single nucleic acid sequence. The allelic discrimination was performed by 7500 Fast Real-Time System (Applied Biosystems, Foster City, CA, USA) using a 96-well reaction plate with standard reagents and standard protocols. Result analysis was made by SDS v1.4 software (Applied Biosystems). The genotyping success rate of the six variants examined was on average 97.5%. A random 5% repeated selection of samples for each SNP was genotyped again with 100% concordance.
Statistical analysis
Analyses were performed by using the statistical package SAS (version 9.1.3 for Windows 2000-2004, SAS Institute Inc., Cary, NC, USA). Distribution of continuous variables (BMI, circumferences of waist, hip and sum of tricipital and subscapular skinfolds) was assessed using Kolmogorov-Smirnov test. Non-normally distributed variables were logtransformed before statistical analyses where appropriate. Pearson's correlation coefficients among phenotypic variables and among genotypes were computed. Covariates used for all analyses were age, sex, countries (all results) and intervention (only for T1 analysis).
The distribution of genotypes for each polymorphism was assessed for deviation from Hardy-Weinberg equilibrium with w 2 -test. The genetic model with the best goodness of fit was checked for each genotype-phenotype association, testing dominance deviation from additivity in a regression analysis, including the additive term (modalities 0,1,2 for genotypes AA, Aa, aa, respectively) along with a dominance term (modalities 0,1,0). Additive model was considered as default, else excluded if both dominance and additive terms resulted significant, and a fully recessive or dominant model was assumed where negative or positive beta values resulted in dominance term, respectively. 29 General linear model and logistic regression analyses were applied to test the associations between anthropometric indices at T0 and gene variants. To take into account multiple comparisons, false discovery rate (FDR) adjustment was made. The P-values from all genotype-phenotype associations for each time were imported in SAS and tested using PROC MULTTEST (INPVALUES option), which converts them in FDR-adjusted values, to allow use of standard significance cutoff (Po0.05). The Haplo.stats package (version 1.4.4; http://cran.r-project.org/web/packages/ haplo.stats/index.html) was used to estimate the haplotype frequencies (haplo.em function) and to verify the associations between haplotype and phenotype (haplo.glm function, the most prevalent haplotype as reference). Only the haplotypes with frequencies 41% were taken into consideration for association analysis. Haplotypes and related posterior probabilities were then imported in SAS to test the best haplotypic model and to adjust results for multiple comparisons as for genotypes.
All the analyses were repeated at T1. For a comprehensive view of the impact of variants on overweight or obesity at population level, their population attributable risk, as ((odds ratio (OR) À 1)/OR) Â (number of exposed cases/total number of cases) was calculated. (Table 1) . Six haplotypes (H1-H6) were inferred with frequencies 41% (range 6.5-41.5%; Table 2 ). Genetic model analysis showed a fully recessive model for rs646910 SNP (prevalence of homozygosity for variant A allele was 2.3%) both at T0 and T1, while an additive model was used for all the other polymorphisms. In haplotype analyses, the H3 haplotype carrying the rs646910 variant allele showed a recessive model of association with hip circumferences at T0 and with all four indices at T1. An additive model was used for all the other haplotypes. The characteristics of 4540 children recruited at T0 and 3288 children re-examined at T1 are listed in Table 3 . Correlation matrix of phenotypes showed high correlation coefficients (Po0.0001 for all), as expected (Supplementary Table S1 ).
RESULTS
Description of genotypes and phenotypes
Cross-sectional analysis at T0 At T0, all adiposity indices (BMI, waist and hip circumferences and sum of tricipital and subscapular skinfolds) were consistently higher in homozygotes for the variant allele A of rs646910 compared with carriers of wild-type allele (Po0.05). Hip circumference remained significantly associated for multiple comparisons after FDR correction (P ¼ 0.048, Table 4 ). Haplotype analysis showed that subjects carrying the H3/H3 diplotype had higher hip circumference with respect to subjects carrying the most prevalent haplotype, the association remaining significant after FDR correction (P ¼ 0.02; Table 4 ).
Finally, homozygotes for rs646910 A allele showed a higher risk of overweight/obesity than carriers of AT/TT genotypes (OR ¼ 2.07; 95% confidence interval: 1.27-3.37). The population attributable risk of overweight/obesity related to this variant was 2.1%.
Internal control
Cross-sectional analysis at T1. The association between genotypes and adiposity indices was replicated in the T1 sample. rs646910 AA genotype (83 children out off 3274 correctly genotyped, 2.5%) was positively and significantly associated with all adiposity measures in multivariate analysis. After FDR correction for all genotype-phenotype combinations, the associations were still significant (P ¼ 0.020-0.048), with hip circumference showing the most significant results (Table 4) . Haplotype analysis showed similar results (Table 4) .
Longitudinal analysis. The low-power longitudinal analysis in the brief 2-year follow-up (T1-T0) showed a higher increase in sum of skinfolds ( þ 1.3 cm, P ¼ 0.022) in carriers of rs646910 AA genotype, although not significant in FDR, compared with AT/TT genotypes (Table 4) .
DISCUSSION
This study reports the original observation that MMP3 rs646910 SNP and related haplotype are associated with anthropometric indices in European children. Subjects carrying rs646910 homozygous A/A genotype are 2.3% of the children population and have increased hip circumference, waist circumference, BMI and sum of skinfolds. Moreover, we showed a trend to have a higher skinfold increase over the 2-year follow-up, although correction for multiple comparison did not confirm this observation.
Despite GWA studies on adiposity indices did not report results in genome-wide significance for MMP3 SNPs or other SNPs in linkage disequilibrium with rs646910, linkage to BMI at chromosome 11q22 has been reported in some studies. 7, 8, 11 The lack of results with genome-wide significance by GWA studies could possibly be explained by different SNP selection and low effect at additive model, the model mainly investigated by GWA studies. However, sub-genome-wide significant associations at our best SNP in GWA meta-analysis among adults or children cannot be excluded by the publicly available results. We analyzed a large number of samples (4540) by investigating all possible genetic models and haplotypes, finding an association with a low MMP3 and adiposity indices in European children D Cugino et al frequency recessive variant. The A allele of rs646910 SNP consistently appears to increase some adiposity parameters, even after correction for multiple comparisons. H3/H3 diplotype carrying rs646910 A alleles was also strongly and consistently associated with all the adiposity indices studied, confirming in part the genotype analysis. Although GTTAGG haplotype is the only one containing the adenosine at rs646910 position, the result should not be necessarily considered the same of genotype analysis. Indeed, the control group is different, represented only by carriers of the most prevalent haplotype, minimizing the effect modification of potential variants included in other haplotypes.
Rs646910 is located in an intron, and could be involved in mRNA degradation 30 or in alternative splicing 31 regulation, although 'in vitro' functional studies are necessary to dissect such a hypothesis. Moreover, we cannot exclude that the effect could be due to SNPs other than rs646910, as several SNPs in the MMPs cluster are in strong linkage disequilibrium with it. Abbreviations: BMI, body mass index; MMP3, matrix metalloproteinase 3; SNP, single nucleotide polymorphism; SE, standard errors. Delta values of non-log variables were reported while logarithms were used to compute P-values. Recessive model was used (see Methods section) for the associations involving rs646910 at both T0 and T1, rs52216 at T1 only for skinfold and H3 haplotype at T0 (only hip circumference) and at T1 (all). P-values were adjusted for age, sex, country (all), intervention (T1) and baseline value (T1-T0). Multiple comparison adjustment was made based on the whole set of resulting P-values for each subgroup (see Methods section) were added (in italics) for rs646910 and for H3 (GTTAGG) diplotype. Bold text indicates a statistically significant difference. Only results on the haplotype significantly associated with phenotypes at T0 were reported; carriers of haplotype H1 (ATTTGA) was used as reference. Percentage refers to total number of subjects recruited at T1 and to number of subjects in the respective category at T0. All T1-T0 changes are significant at Po0.0001 for continuous variables; P ¼ 0.0003 for body mass index (Cole's categories).
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Moreover, SNP rs645419, which is located in the promoter of MMP3, is in linkage disequilibrium (r 2 ¼ 0.967, according to HapMap) with SNP rs3025058 (former 5A/6A) associated with the levels of MMP3 in several studies and reported to influence the transcriptional activity of MMP3. [32] [33] [34] [35] Cheng et al, 36 in a recent GWA study, found an association between SNP rs650108 located in intron 8 of MMP3 with levels of MMP1. Although these two SNPs (rs645419 and rs650108) were not individually associated with adiposity indices in our study, their combination in haplotype 3 with rs646910 provided a stronger association than either SNP alone, suggesting that this haplotype could tag an additional unmeasured functional polymorphism better than either single SNP alone. Further studies of sequencing and in vitro function of this region would be necessary to resolve whether the observed associations are attributable to a single functional SNP or to multiple functional SNPs residing in the MMP gene cluster.
A candidate gene study on the role of MMP3 gene variants in obesity was published in a population of adult Pima Indians, 18 while no study has yet been performed in adult Caucasians or in children. The authors reported that variants rs650108 and rs522616 of MMP3 gene were associated with both BMI and type 2 diabetes under a dominant model. Moreover, other two SNPs (rs3025058 and rs679620) were associated with type 2 diabetes alone. However, they analyzed MMP3 expression levels in adipocytes and did not find associations between any genotype and protein expression levels. In our study, the SNPs found to be associated with BMI in Pima Indians were neither associated with BMI nor with other anthropometric parameters, although we have a larger sample and similar allele frequency. Instead, we found an association between adiposity indices and the rs646910, which was not studied in Pima population.
MMPs have been proposed to be involved in adipose tissue remodeling. 12, 16 Produced by connective tissue, they operate a specific proteolytic activity on most of the constituents of the extracellular matrix, regulating extracellular matrix degradation and then tissue remodeling associated with growth and development. It is known that mouse MMP3 is involved in adipose tissue formation and that changes of its expression levels in obese adipose tissue were found associated with obesity-mediated adipose tissue remodeling. 12, 16 Our results could be explained by an effect of MMP3 variant on either adipose tissue, lean mass and/ or bone mass. There are, indeed, strong evidences that MMPs have a crucial role during osteogenesis and bone remodeling. 37, 38 It is not clear, however, if there is a major involvement of adipose or bone tissue, considering the strong association with both peripheral (skinfolds) and central (waist circumference) adipose tissue as well as with bone growth (hip circumference).
Improving the knowledge about adiposity at early ages is of fundamental importance, due to the high childhood obesity prevalence, in order to design new targeted interventions and to screen populations to be treated. The children population, in fact, provides the possibility to study mechanisms involved in development of adipose tissue during childhood, which could be different from those involved in adults. 4, 5 Indeed, the recruitment of children provides a disease model in which the genetic background is stronger than environmental influences and the expected effect of polymorphisms is higher, increasing the probability to observe a statistically significant result.
We re-evaluated 70% of our children population after 2 years and still found the association between rs646910 polymorphism and its haplotype with all the adiposity indices, even with a stronger significance. Furthermore, rs646910 A/A genotype and H3/H3 haplotype were associated with a higher increase in sum of skinfolds after 2 years of follow-up.
This variant increased the risk of overweight/obesity by about two times with a population attributable risk of 2.1%, an effect similar to that expected in the presence of an homozygosity of the risk allele of fat mass and obesity associated (FTO) gene in adults, 24 the strongest risk polymorphism for obesity. Therefore, it would be of interest to better investigate the effect of this gene at childhood, as well as of interactions with other MMP gene variants.
In conclusion, we have shown for the first time an association between MMP3 rs646910 variant and indices of adiposity in European children. These results confirm the involvement of metalloproteinases in adipose tissue remodeling and growth and deserve further studies to confirm and complement the association found.
